Abstract-A linear transport system, which is capable of reducing the weight of a moving carrier by separating power-supplying devices, is developed by using a new magnetic levitation technique. This system is designed to distribute a wafer between semiconductor fabrication process modules in clean rooms, because it can eliminate particles and oil contamination that normally exist in conventional transporter systems due to rubbing of mechanical components. The transport system consists of a wafer carrier, two levitation tracks, two stabilization tracks, and a propelling system. Levitation is achieved by using opposing forces produced between electromagnet tracks and permanent magnets. Stabilization is achieved by using a simple feedback control. The continuous propelling force is obtained by sending specific current patterns to the propulsion coils. The dynamic model of the transport system is presented, and it is verified by experiment. The system performance is experimentally investigated.
I. INTRODUCTION
In this paper, a magnetically suspended system for the automation of semiconductor fabrication is considered, especially for ultrahigh density IC's which will be in great demand in the future. Three main functions are required to achieve the automation of semiconductor fabrication, as depicted in Fig. 1: 1 ) wafer distribution to each location close to the precision workspaces; 2) loading and unloading functions, which connect between the precision workspaces and transported locations; and 3) fabrication or test, such as a mask alignment, analytical probing, or electrical probing in precision workspaces. The idea of a novel magnetic suspension technique proposed in this paper is for use in performing the first function. When a wafer is transported and located in the front of one of the precision workspace chambers, a wafer loading and unloading system approaches the wafer, holds it, and delivers it to the precision workspace chamber. Many wafers can be driven together at a certain distance, since the propelling force is equally applied to each carrier. Furthermore, if multistaged tracks are constructed, a wafer can be transported for a long distance.
Industrial robots are commonly used for distributing wafers to each chamber for performing mechanical, chemical, and electrical processes. However, it is expensive to use robots for the application to the well-defined environment, as shown in Fig. 1 , during the tasks of the process. Furthermore, tiny solid particles generated by the contacted rubbing activity [1] , [2] can cause a serious problem by dropping back onto the surface of wafers and damaging the delicate IC devices that are being manufactured. The use of the magnetic suspension technique can get rid of the lubricant system and particlegenerating contact motion of current wafer transporters. In fact, wafer transport is ranked as the number one particle source extrinsic to the fabrication process in the microelectronic industry [3] . There has been much research related to magnetic suspension for the purpose of wafer transport. In the work performed by Azukizawa et al. [4] , a magnetically levitated wafer transporter was developed, which was implemented at Toshiba Corporation for a prior delivery task for the semiconductor fabrication automation processes. When wafers were magnetically transported to a certain location, wafer distribution was begun by using the conventional wafer distributors, such as robots or the wafer transporter to be developed in this work. Onuki et al. [5] developed a similar magnetically levitated transporter by optimally designing a hybrid magnet. Yoshida et al., [6] performed a dynamic simulation of a magnetically levitated system taking six degrees into account. In these papers, an attractive force was used for levitating a carrier. Therefore, it was difficult to handle wafers on loading and unloading, because a carrier should be constructed below a levitating track. In addition, if we want to have the carrier transported above the track, an additional structure is required. However, this structure gives rise to an extra weight and vibration problem. In conventional magnetically suspended systems, where an electromagnetic attractive force is used, electromagnets attached on four corners of the carrier usually moved. However, this method had the disadvantage of making the carrier heavy, due to external power-supplying devices mounted on the carrier, which resulted in larger power consumption.
In this paper, the design of a magnetically suspended system which is capable of reducing the weight of a carrier will be considered. Different from the work at Toshiba Corporation, this paper is aimed at distributing a wafer to a precision workspace chamber. A main feature of the system is that control signal for levitation and stabilization is fed back to a stationary track. Sensors for stabilization and permanent magnets, only, are mounted on the carrier. Since this structure can decrease the weight of a carrier, a small current is enough for levitation. The proposed model will be verified by experiments and system performance will be experimentally investigated.
II. VARIOUS TYPES OF THE MAGNETICALLY SUSPENDED SYSTEM
Types of magnetically suspended systems studied so far can be categorized as in Fig. 2 . Most of the magnetically suspended systems adopt the type I method because this method is easy to control. However, it has the disadvantage of making a carrier heavy, due to external power-supplying devices and controller facilities, as well as an additional structure, which need to be mounted on the carrier.
Since an attractive force is used in this type, the destabilizing motion occurs in the Z-direction, only. If four permanent magnets (or hybrid magnets) used at the four corners of the carrier are stabilized in the Zdirection, the magnetically suspended system floats in an equilibrium point. On the other hand, the type II method can eliminate the powersupplying devices and controller facilities on the carrier because they can be separately placed on a stationary base. However, the requirement of an additional structure still remains. The change of the power source location enables the magnetically suspended system to reduce the carrier weight. In the type II method, the destabilizing motion occurs in Z-, -, and -directions. Lastly, the type III method has similar characteristics to the type II method, except that it does not require an additional structure. The destabilizing motion occurs in X-and -directions. In this paper, the type III method is considered for a magnetically suspended distributor system for automation of the semiconductor fabrication process because it can offer a light and compact wafer distributor. For demonstration purposes, a system using the type III method is manufactured and tested for a distance of 90 cm. Since the motion is unstable in X-and -directions, as stated above, another track is required for stabilizing the motion of the directions. Fig. 3 shows a configuration of the magnetically suspended wafer distribution system suggested in this paper. The mechanical design of the wafer transporter includes the following four major components: 1) magnetic levitation tracks; 2) stabilization tracks; 3) propulsion coils; and 4) wafer carrier. Levitation is achieved by using opposing forces produced between electromagnet tracks and permanent magnets. Stabilization is achieved by using a simple feedback control. When the transport system is stably levitated, propulsion is achieved by sending specific current patterns to the propulsion coils.
III. SYSTEM DESIGN
The principles of levitation, stabilization, and propulsion are shown in Fig. 4 . In Fig. 4(a) , the magnitude of the levitating and lateral force are indicated by their lateral arrow sizes. The levitating force is zero at the center of coil and increases until the magnet reaches the boundary of A and B. An equilibrium point exists where the magnet weight is balanced to the levitating force. This kind of magnetic suspension, using an opposing force, is called antagonism [7] . The magnet, however, is laterally unstable in this region, because it experiences a pulling force to the wall. Hence, the lateral forces work as destabilizing forces. Fig. 4(b) illustrates how the carrier is stabilized in the X-and -directions. Here, the dipole moments of the permanent magnets are assumed to point upward. The stabilizing forces, F x1 , F x2 , F x3 , and Fx4, and the destabilizing forces F dx1 , F dx2 , F dx3 , and F dx4 are indicated by the arrows, the lengths of which indicate their magnitudes. For example, when the carrier moves to the X-direction, a lateral pull-while-push force is generated in the stabilizing coils to overcome the destabilizing forces generated in the levitating coils. When the carrier rotates to the -direction, a lateral push-while-push force is generated in the stabilizing coils, returning the carrier to the nominal position. Fig. 4 (c) illustrates how the carrier is propelled. Lateral forces exist when a permanent magnet with upward dipole moment is placed above or below a current-carrying wire. If a wire is placed along the Z-direction and a permanent magnet with an X-direction dipole moment is placed in parallel with the wire, a propulsion force in the Y -direction, F Y , can be obtained. In addition to F Y , there also exists Z-direction torque T Z and, if the magnet passes by the wire, an X-direction force FX exists. However, this disturbance torque and force can be eliminated by adding another wire and magnet set on the opposite side symmetrical to the Y axis.
The sizes of the coil and permanent magnet are determined by a computation program based on the following equations, so that the levitating, stabilizing, and propelling force, which are calculated by using the Biot-Savart law and Lorentz force law, are maximized. For an infinitely long straight-line current, the H H H field can be obtained in the XY Z coordinate system as
where i and k are unit vectors in the X-and Z-directions, respectively. For a unit dipole moment m in a magnetic field B, the force that the magnetic dipole moment experiences can be derived by applying the Lorentz force law, and this is expressed in a vector form as [8] F = (m 1 r)B: (2) From the relation of B = H, the force applied to a magnet can be obtained by using (2) . When the magnet pole axis points to the 
The specifications of the levitation coil/magnet, stabilization coil/magnet, and propulsion coil/magnet are listed in Table I .
IV. SYSTEMS DYNAMICS
To understand the dynamics of the magnetically levitated transporter, we now describe an arbitrary orientation of the carrier in space. Generally, Eulerian angles are used to provide this information. We again set the XY Z coordinate system to be fixed on the levitation tracks and the xyz coordinate system on the carrier.
The equations of motion for the rotation in terms of Eulerian angles can be derived by employing Lagrange's equation [9] . With an assumption of small angle rotation, we can simplify the equations of motion:
In these equations, M ; M , and M are external moments in terms of Eulerian angles, and I x ; I y , and I z are the principal moments of inertia. Since we are going to use these equations to calculate external forces and torques in the XY Z coordinate system, a transformation from M ; M , and M to T X ; T Y , and T Z is necessary. Performing variational calculus on these equations with respect to the origin, where m is the carrier mass. T X ; T Y , and T Z can be expressed using the corresponding forces and the magnet positions in the XY Z coordinates using the transformation matrix from the xyz coordinate to the XY Z coordinate system. Recall that the levitating magnets experience the levitating forces and destabilizing forces (lateral forces) and the stabilizing magnets experience only lateral forces around an operating point. Each force is modeled as a spring force, which is a function of displacement and current. Employing the displacement expressions of each magnet, the forces can be expressed in terms of the generalized coordinates. Then, 
where K sl and K su denote spring constants which relate the levitating force to the vertical displacement and lateral displacements, respectively. K il and Kiu denote force constants which relate the levitating force and destabilizing force (lateral force) to the levitating coil current, respectively. K is denotes a force constant which relates the stabilizing force to the stabilizing coil current. The subscripts of I denote locations of the coils to which currents are flowing.
The K sl is easily calculable from simulation or experimental results. Similarly, Ksu, K il , Kiu, and Kis are calculated and listed in Table I . Substituting the numerical values into (14)- (18), and dropping sign, and assuming IL = IL = I, we obtain the linearized equations of motion as By closely investigating the equations of motion, we observe the following facts. The marginally stable motions in all degrees of freedom, except for the X and motions, are obtained. The large positive constants suggest that the motions are very stiff. Each motion is decoupled from the rest of the motions. Theoretically, the stabilization controllers for X and motions should be designed based on this model.
For the simplicity of dynamic modeling of the proposed system, a damping effect was not included in the equations of motion. However, the system has a magnetic damping, because the permanent magnets attached on the carrier can move up and down in the magnetic field which is generated from the levitation track. Although the magnetic damping is small, it increases the stability of the system in the directions of Z, , and . 
V. EXPERIMENT
In order to eliminate the connection of a wire to the carrier, an optical sensor can be considered among several noncontact sensing techniques, such as an optical, magnetic flux, magnetic induction, and electrostatic principle. One example of constructing a sensing system using an optical sensor is as follows. Two collimated laser beams emitted from a diode laser are arranged in parallel with the levitation tracks, and two photodetectors are installed on the other end to receive the laser beams. Two laser beam blockers are installed on the bottom side of the wafer carrier, one at the front and the other at the rear, to partially block the laser beams. Since the photodetectors' signal outputs are proportional to the amount of light incident on the light-sensitive area, the carrier's translational, as well as rotational, displacements can be found by signal processing.
To increase the flexibility of using other sensing methods at the price of connection of a wire to the carrier, a magnetic flux sensor also can be considered, because this component can be obtained easily and economically, and its small size offers a great flexibility in designing a light and compact wafer transporter. If connection to a sensor is achieved by using a thin wire, the carrier can run smoothly. In this paper, for demonstration purposes, we chose to use a magnetic flux sensing technique for stabilization control. As a magnetic sensing device, a Hall-effect sensor is used to measure the magnetic flux. Since a uniform magnetic flux is available in the levitation tracks along the Y -direction, the displacement of the carrier in the Xdirection can be obtained by measuring the Z directed magnetic flux component of the levitation coil. The sensing technique can be explained in terms of Fig. 5(a) . One thing to be considered when using the Hall-effect sensor is that it senses not only the X motion, but also the Z motion of the carrier because the magnetic flux slightly varies in the Z-direction. However, this is not considered as a problem because the carrier does not encounter a big fluctuation during transport without loading and unloading. Furthermore, it is experimentally observed that the flux variance in the Z-direction is within 5% of that in the X-direction for the designed levitating coil, as shown in Fig. 5(b) . One more thing to be considered is to place the Hall-effect sensor apart from other magnetic flux sources, other than the levitating coil, because they can interfere with the Hall-effect sensor.
For the stabilization control, an analog lead compensator is used instead of a proportional-derivative (PD) controller to reduce the noise. Fig. 6 shows the block diagram of the stabilization control. Here, e x and e indicate the X position error and angle error. In this paper, since a current amplifier is used instead of the voltage amplifier, the transient characteristics of the electrical circuit are not considered. Based on the model, the control input voltage V 1 for the X motion is obtained by subtracting the controller output u from u X . The control input voltage V 2 for the motion is obtained by adding the controller output u to u X . The two control input voltages are converted to input currents I1 and I2 through the current amplifiers. The Hall-sensor gains K x and K are set to 3600 V/m and 350 V/rad, respectively.
Before the experimental results of stabilizing performance are presented, we first investigate the validity of the dynamic model addressed in Section IV. The proposed model can be experimentally verified by oscillation motions. Fig. 7 shows the free vibration in the Z-direction. As seen in the figure, the natural frequency is around 7.2 Hz. From the analytical result previously obtained in (23), it is 7.7 Hz, which is within 7% of the experimental result. The damping effect in the actual system is likely due to the air damping and electromotive force generated when the carrier is moving up and down. It is also observed that the other two motions, and , have similar results. Fig. 8(a) shows an experimental result of how the carrier height varies according to the loading condition when the applied current to the levitating coil is fixed to 1.2 A and the carrier mass is 150 g. When no load is applied to the carrier, the levitating height is around 2.5 mm. Fig. 8(b) shows how the carrier height varies according to the applied current.
Finally, Fig. 9 shows the regulating motions in the X-anddirections when initial conditions of X(0) = 0:7 mm and (0) = 0:42 are given. These disturbances are the maximum values which are obtainable from a geometric constraint. The carrier returns to the nominal position within 120 ms for the X motion and 150 ms for the motion, without contact to the stabilizing coils and levitating coils, as well.
VI. CONCLUSION
We have designed and built a magnetically levitated light and compact wafer distributor which maintains stability without making contact with the base and performs wafer distribution to each location close to the precision workspaces during semiconductor fabrication processes. We have successfully implemented a new magnetic levitation technique to separate the wafer carrier and the guidance tracks.
All motions for levitation in the transport system are made to be stable by using an opposing property produced in the levitation tracks and feedback control in the stabilizing tracks. The continuous propelling force is obtained by sending specific current patterns to the six propulsion coils. The maximum destabilizing force and disturbance force that occurred in the levitation and propulsion tracks are within the stabilizing force. The validity of the analytical model is verified by the natural frequencies of the free oscillation motions of the three stable modes. With the Hall-effect sensors mounted along the levitating coils, the control performance of the system was tested. The time responses in the X and motions show that the carrier returns to the nominal position within 150 ms, without any contact with the tracks and base.
